A method is presented for inverse design of airfoils for complex three-dimensional wings in incompressible ow. The method allows for prescription of inviscid velocity distributions over different cross sections of the wing in a multipoint fashion. A hybrid approach is used to determine the shapes of the wing cross sections that satisfy the design speci cations. The airfoils forming the cross sections of the wing are generated using an inverse code for isolated airfoil design. A three-dimensional panel method is then used to obtain the velocity distributions over the resulting wing. The isolated airfoil velocity distributions are then used as design variables in a multidimensional Newton iteration method to achieve the design speci cations on the wing. The method is particularly useful for complex geometries such as junctures, where three-dimensional and interference effects have to be accounted for in the design process. A key feature of the design method is a scheme to avoid using the panel method for sensitivity computations for the Newton iterations. This scheme not only results in signi cant reductions in computation time but also enables the integration of any readily available three-dimensional analysis code in executable form.
Nomenclature
authors for inverse design of multielement airfoils 1 in potential ow, which was subsequently extended to handle viscous inverse design. 2 This multielement airfoil design method uses a novel hybrid approach by coupling an isolated airfoil design code 3;4 (PROFOIL) with a two-dimensional panel method. The inverse airfoil design code is used to design the elements of the multielement airfoil in isolation, and the panel method is then used to analyze the resulting multielement airfoil. An integral boundary-layer method is then used to obtain the boundary-layer developments on the individual elements. By using a multidimensional Newton iteration procedure, the design variables associated with the isolated airfoil design are adjusted to achieve desired velocity and boundary-layer prescriptions on the elements of the multi-element airfoil. A key feature of the method is a scheme for rapid computation of the Newton iteration sensitivities without using the panel method. This scheme was developed based on the observation of similarities 1 in the changes in velocity distributions for an airfoil in isolation and as a part of the multielement airfoil. The hybrid approach as well as the sensitivity computation scheme enable rapid, interactive design even with several multipoint viscous prescriptions. 2 Several experiences with successful applications of the isolated airfoil design method 5;6 and the more recent hybrid approach for rapid, interactive multielement airfoil design 7 have naturally prompted the question of whether such an approach can be used for designing complex three-dimensional wings. This paper presents the extension of the hybrid approach to three-dimensional aerodynamic systems. More speci cally, the current work describes a potential-ow method for designing the shapes of wing cross sections to achieve multipoint prescriptions in velocity distributions. For this purpose the isolated airfoil design code 3;4 (PROFOIL) is used to generate the airfoils that form the cross sections of the threedimensional aerodynamic system, and a three-dimensional analysis method (the panel method PMARC/CMARC 8;9 in this paper)is used to analyze the resulting wing system. The variables associated with the design of the airfoils in isolation are then adjusted to achieve the prescriptions on the wing cross sections. The paper shows that, as with the multielement airfoil design problem, there are similarities in the velocity-distribution changes for an airfoil in isolation and as part of a complex three-dimensional system. This similarity is used to an advantage to avoid repeated panel method analyses for the sensitivity computation via nite differencing. Instead, the sensitivities are computed directly during the isolated airfoil design, saving computational time. In addition, this sensitivity computation scheme enables easy integration of any three-dimensional analysis method in executable form in the current design code.
It is illustrative to compare the current approach to the design approaches used in existing three-dimensional inverse design methods. In a broad sense inverse design methods for wings can be classi ed into two categories: 1) methods for spanwise design, 10¡12 which are frequently used to minimize induced drag or specify spanwise properties such as circulation, lift coef cient, or downwash variations (The design variables for these methods are usually spanwise variations of chord, twist, or other such geometric properties.); and 2) methods for specifying desired chordwise velocity distributions at several sections along the wing.
In the current work the emphasis is on methods for chordwise inverse design to provide airfoil shapes that when used as cross sections for the three-dimensional wing will provide desired velocity distributions on the wing. It is intended that the current design method be used in conjunction with a method for spanwise inverse design. The spanwise variations of chord, twist, etc., are provided as inputs to the current method, and they remain unaltered during the inverse design.
The methods currently in existence for chordwise inverse design typically use the following steps in the design process:
1) Start with initial shapes for the airfoils.
2) Obtain the velocity distributions over the wing using an appropriate analysis method.
3) Compare the velocity distributions from step 2 with the target distributions prescribed by the designer.
4) Use the difference in the velocity distributions to predict the changes in airfoil shapes necessary to better match the prescribed velocity distributions.
The methods typically loop through steps 2-4 until convergence is achieved.
A relatively early example of a such a design method is that of Bristow and Hawk. 13;14 In their method a panel method is rst used to analyze the baseline con guration. To predict the effect of changes in geometry (step 4), a matrix containing the partial derivatives of the potential at each point with respect to each geometry parameter is used to compute the new potential and subsequently the new velocities. These derivatives of the potential are computed using a rst-order expansion to the panel-method equations. A more recent design method has been published by Campbell and Smith 15 in 1987 for transonic wings and later extended in 1992 to wing-body-nacelle con gurations. 16 In this method an algorithm that relates changes in local velocity to changes in surface curvature is used in step 4 to compute the changes in airfoil shapes required to better match the target velocity distribution. A transonic small-disturbance code that can handle complex three-dimensional geometries is used as the analysis module. Other examples are an inverse method for transonic wing design 17 and the more recent method of Hassan and Charles 18 for the design of airfoils for helicopter rotor blades. The current method takes a slightly different approach. Instead of specifying velocity distributions for an entire wing cross section, the airfoils that form the cross section are divided into several segments. Over the segments selected by the designer, the desired velocity distribution for the wing along with the design condition (wing angle of attack) are prescribed. By using this approach, the dif culties that are sometimes associated with the speci cation of the velocity distribution for an entire cross section (such as the need to accurately guess the stagnation-point location) are avoided. In addition, multipoint speci cations are possible. That is, certain segments of the wing can be designed for one angle of attack, while some other segments can be designed for a different angle of attack. Such a multipoint method avoids the tedium that is frequently associated with designing at a single condition and determining the off-design behavior via postdesign analysis.
The following sections provide a brief description of the current design method and the novel approach to sensitivity computation. It must be mentioned that the layout of the discussion in these two sections are similar to the corresponding sections in the papers on the multielement airfoil design method.
1;2 They have, however, been adapted and included here for completeness. Three example design problems are then presented to demonstrate the method.
Design Methodology
As mentioned earlier, the current three-dimensional inverse design method IWING uses a hybrid approach by coupling the isolated inverse airfoil code PROFOIL 3;4 with a three-dimensional analysis method. In the current paper the panel code CMARC 9 is used as the three-dimensional analysis method. The following subsections brie y describe the relevant features of PROFOIL and CMARC. A subsection on IWING then describes the coupling of the CMARC code with PROFOIL for inverse design of wing cross sections.
PROFOIL
PROFOIL is an inverse airfoil design method 3;4 based on conformal mapping. In the method the airfoil is divided into several segments. The method allows speci cation of a velocity difference 1V 2D (for the airfoil in isolation) over each segment along with a design C l for that segment. Figure 1 shows the de nition of 1V as used in this paper. In addition, it is also possible to specify a nonlinear velocity distribution over the segment 3;4 for the airfoil in isolation by de ning a xed number of nodes through which a spline is passed.
An important feature of the method is the multidimensional Newton iteration scheme. The scheme allows the designer to selectively give up control on some of the parameters used in conformal mapping and in the isolated airfoil design in order to achieve speci ed values for other design speci cations. For example, it is possible to vary the values of the design angles of attack for all segments on the upper surface to achieve a desired maximum thickness, while varying the corresponding values for segments on the lower surface to achieve a desired value of the maximum camber. Thus, multipoint speci cation can be handled. Also the velocity difference 1V over any segment or the velocity values at the nodes of a segment with a nonlinear velocity speci cation can be selected for iteration in the Newton method. The power and exibility of this inverse design method has been used in several applications including the design of high-lift airfoils 5 for low-Reynolds-numbers applications and the design of families of natural-laminar-ow airfoils 6 for low-speed applications.
CMARC

9 is an enhanced, C-language version of the well-known three-dimensional panel-code PMARC 8 version 12, which was developed at the NASA Ames Research Center. CMARC is a low-order panel code for solving ows around arbitrary threedimensional con gurations in inviscid, incompressible ows. The surface of the three-dimensional wing/body is divided into several panels. Constant-strength source and doublet distributions are assumed over each panel. Wakes are shed from the trailing edges of wings and are also discretized into panels that have constant-strength doublet distributions. The matrix solution is performed using a fast, iterative solver 19 that does not require the whole in uence coefcient matrix to be stored in memory.
Although CMARC has the capability for time stepping the wakes to simulate wake roll up, an initial, rigid wake was used for all of the examples in this paper, and no time stepping was done to keep the time for each analysis as short as possible.
IWING
The following sequence of steps provide an overview of the approach used in the current design method in coupling PROFOIL and CMARC for achieving desired velocity distributions on wing cross sections.
1) Generate the individual airfoils for the wing cross sections using PROFOIL.
2) Scale and position the resulting airfoils according to the speci ed wing geometry.
3) Analyze the wing using CMARC, and obtain the inviscid velocity distributions over the cross sections at the various operating points. The section velocity distributions are obtained by neglecting the spanwise components of the surface velocity normal to the section.
4) Compare the inviscid velocity difference 1V 3 D over the design segments on the wing with the corresponding speci cations. It is unlikely, however, that these 1V 3D values will match the speci cations.
5) Adjust the isolated airfoil velocity difference 1V 2D for each design segment using a Newton iteration scheme to achieve desired values of the wing 1V 3D over the corresponding segments.
It must be mentioned that the isolated airfoil C l at which the velocity difference 1V 2D is evaluated in step 5 is determined by the requirement that the stagnation points on the isolated airfoil and on the corresponding section of the wing occur at the same geometric location for the wing operating point under consideration. As detailed in Ref. 20 , this requirement is necessary, particularly when considering segments close to the leading edges of the sections.
The design methodology for the inverse wing design approach is rst illustrated using a low-aspect-ratio planar wing as an example. It is emphasized that this wing and other wings in this paper merely serve as examples and are not intended for any application. Figure 2 shows the planform of the low aspect ratio wing used for the rst example. This wing has an aspect ratio of 2.67 and has zero dihedral. Two operating conditions are considered. The rst corresponds to a wing angle of attack of 3.6 deg, and the second corresponds to an angle of attack of 9.4 deg. For this example two cases are considered. The rst focuses on the segment r on the upper surface of the root section at the rst operating condition, and the second case focuses on the segment t on the lower surface of a section at 95% semispan (close to the tip) at the second operating condition. In each case the isolated airfoil velocity difference 1V 2D over the segment is varied to study its effect on the velocity distributions over the two wing cross sections under consideration, in particular the 1V 3D over the corresponding segments.
Figures 3a-3e show the results of varying 1V 2D for the segment r on the upper surface of the wing root. Figure 3a shows the three geometries and velocity distributions for the root airfoil in isolation with 1V 2D;r D ¡0:1, 0, and C0.1 and C l D 0:9. Figure 3b shows the geometry and velocity distribution for the tip airfoil in isolation. Figure 3c shows the three resulting wings. As seen in the gure, the tip airfoil is left unchanged for this case. Figures 3d and 3e show the three corresponding velocity distributions for the root and the tip sections of the wings at the rst operating condition. The similarity in trends in the velocity distributions for the three isolated root airfoils and the corresponding root sections illustrates that the isolated airfoil velocity distribution is an effective design variable for the velocity distribution over the corresponding section on the wing. In spite of the low aspect ratio of the example wing, it is seen that changing the 1V 2 D for a segment results in a change in the 1V 3D for the corresponding segment on the wing, with little change in the velocity distribution over other portions of the wing that have a different airfoil.
Figures 4a-4e show the results of varying 1V 2D;t for the segment on the lower surface of the tip airfoil, with the root airfoil left unchanged. In this case the velocity distributions for the root and tip sections (Figs. 4d and 4e) correspond to the second operating condition. Again, the similarity in trends between the velocity distributions on the three isolated tip airfoils and on the corresponding tip sections is clearly seen.
Figures 5a and 5b show the changes in 1V 3 D;r and 1V 3D;t resulting from perturbations to 1V 2D;r , with 1V 2D;t kept unchanged at 0. Similarly, Figs. 5c and 5d show the changes in 1V 3D;r and 1V 3D;t resulting from perturbations to 1V 2 D;t , with 1V 2D;r kept unchanged at 0. Inspection of Figs. 5a-5d yields the following observations. First, perturbations to 1V 2 D for a particular segment result in an almost equal change in 1V 3D for the same segment, that is, 
where O(1) denotes "of the order of 1." Second, the cross-coupling effects, such as the change in 1V 3D for a segment on one section resulting from a perturbation to 1V 2D for a segment on an other airfoil, are comparatively small, that is,
These two cases show that even for a low-aspect-ratio wing the isolated airfoil velocity difference 1V 2D for a segment is an effective design variable for the 1V 3 D for the corresponding sections on the wing.
The second example presents the similarity in trends in the velocity distributions for a complex nonplanar wing. For this example the nonplanar wing shown in Fig. 6 is used. In this example the 1V 2D on a segment on the upper surface of the wing airfoil (airfoil B in the gure) at the wing-winglet juncture is varied to study its effect on the velocity distribution at a section close to the juncture at an angle of attack ® w of 10 deg. As shown in the gure, the juncture section is formed by nding the contour resulting from the intersection of the tip section of the wing and the root section of the winglet. Because of the juncture geometry, the velocity distribution close to the juncture is signi cantly different from the velocity distribution over the regions of the wing away from the juncture. This example, therefore, demonstrates the need for an inverse method that can take into consideration the complex three-dimensional effects of such junctures while designing the shape of the juncture airfoils. Figure 7a shows the isolated airfoil velocity distributions for airfoil B with three values of 1V 2 D for the segment on the upper surface. The corresponding three velocity distributions for the section at the wing-winglet juncture are shown in Fig. 7b . A comparison of the three velocity distributions for the airfoils in isolation and for the sections at the juncture shows that the similarity in changes in the velocity distributions observed earlier for the planar wing example is also observed for this example with the more complex juncture section. Figure 8 shows the changes in the 1V 3D for perturbations to 1V 2D for the segment under consideration. As seen from the gure, even for a segment close to a juncture, changes in 1V 2D result in a linear and an almost equal change in 1V 3D . This example clearly demonstrates the foundations upon which the new design method depends.
Thus, by using a multidimensional Newton iteration it is clearly possible to control the 1V 3D for several segments on the cross sections of a wing (each at a different operating point) simultaneously using the values of 1V 2D for the corresponding segments as design variables. Moreover, the direct and near linear connection between 1V 2D and 1V 3 D is true even for regions where the three-dimensional effects are high, such as on low-aspect-ratio wings and in complex juncture regions as shown by the two examples.
Sensitivity Computation
Typically, a system of n nonlinear equations can be solved by an n-dimensional Newton iteration, where a matrix equation is solved during each step of the iteration. This matrix equation can be written as
where F is an n-dimensional vector containing the residuals of the functions f i to be zeroed, ±x is the n-dimensional vector containing the corrections required to the n design variables x i to bring the vector F closer to zero, and J is the n £ n Jacobian of the system containing the gradient information. For each step of the iteration, F and J are determined, and ±x is computed using Eq. (5). The corrections are then applied to the design variables to bring the residuals closer to zero. The most obvious scheme to compute the Jacobian J would have been to use nite differencing to evaluate the gradients numerically using the panel method. In this scheme, for an n-dimensional Newton iteration the panel-method analysis would have to be performed n times to determine the Jacobian just for a single step in the iteration. The major shortcoming of this approach is that calculating the Jacobian by repeated panel-method analyses is computationally expensive, with the cost increasing with increasing number of design variables and number of panels used for the panel-method analysis. For instance, in the multielement airfoil design method 1 it was demonstrated that for a design example with several multipoint design prescriptions the CPU time was reduced by a factor of 32 from 16,586 s (4.6 h) to just 520 s (8.7 min) by an alternate scheme that avoided using the panel method for computing the sensitivities.
This cost of repeated panel-method analyses for sensitivity calculations can perhaps be signi cantly reduced by not recomputing the in uence coef cient matrix (which determines the in uence caused by the doublet/source strength on a panel on the ow conditions at another panel) during the gradient evaluations. However, with several legacy three-dimensional panel codes this approach may not be possible. In any case a method that can bypass having to perform several panel-method evaluations is likely to be computationally less expensive than the approach already described. It is therefore worthwhile searching for an alternative scheme to compute the Jacobian without using the panel method.
As done in the multielement airfoil design method, 1 the high cost associated with obtaining gradient information through the panel method can be bypassed by instead obtaining the approximate gradient information using the isolated airfoil velocity difference over the segments being considered. In other words, if y r is any design variable associated with the design of the root airfoil, the gradient is
Based on the results shown in Figs. 5a-5d , if we take @1V 3 D;r = @1V 2D ;r ¼ 1 then Eq. (6) becomes
and similarly
These approximations to the gradients @ 1V 2 D;r =@ y r and @1V 2D ;t =@ y t can now be computed directly during the design of the isolated airfoil for the wing section under consideration, making it unnecessary to use the panel method for gradient calculations. Instead the gradient information is determined through the rapid conformal mapping method used to generate the isolated airfoils. The signi cance of the time savings resulting from this alternate approach to sensitivity computation can be understood by noting that a single CMARC analysis can take anywhere from ¼10 s of run time on a modern workstation for a simple geometry to a few minutes for more complex geometries. In contrast, a single conformal mapping calculation in PROFOIL takes just ¼0.04 s of run time and is independent of the complexity of the paneled geometry. As shown in Ref. 22 for two-dimensional design problems, the present method for computing the sensitivities is faster than computing the sensitivities from a rst-order expansion of the panel method as was done by Bristow and Hawk. 13;14 This faster sensitivity computation with the present method is primarily because there is no need for additional computation of the matrices containing the rst-order expansion information with every full-panel-method computation.
Of course, by not using the panel method for computing the Jacobian the terms coupling the root and tip sections remain uncomputed. In other words, for a design variable associated with the root section y r the gradient @1V 3 D;t =@ y r can be computed only by using the panel method. This gradient can be expressed as
Using Eqs. (3) and (4), however, we can make the approximation that @ 1V 3 D;t =@ y r ¼ 0 and likewise @1V 3D;r =@ y t ¼ 0. Thus, in the present method the Jacobian is computed directly during the design of the isolated airfoils for the wing sections. The panel-method evaluation is necessary only for computing the residuals F, reducing the number of panel-method analyses from n C 1 to 1 for each step of the Newton iteration. This reduction in the number of panel-method evaluations results in signi cant savings in computational time. It is emphasized that although the approximate gradients are computed without using the panel method the residuals for every step of the Newton iteration are still computed using the full panel method. It is for this reason that the current design method will work even for cases when there is a strong cross-coupling effect between design segments on different sections. Such strong cross-coupling effects can occur on low-aspect-ratio wings and design sections that are in the vicinity of wing-wing junctures. In addition, by not relying on repeated panel-method runs to compute sensitivities to small changes in design variables (and hence, small changes in the resulting airfoil shapes) it is not necessary to pass information between PROFOIL and the panel method with a very high precision. As a result, the panel method does not have to be integrated with PROFOIL in subroutine form, but instead can be executed using a system call. Information to and from the panel method can then be passed by programming PROFOIL to write the input les needed by the panel method, then execute the panel method using a system command, and nally read the output of the panel method to compute the 1V 3 D for the different design segments. This simpli cation in program integration has the important advantage that an executable for a different three-dimensional analysis method such as VSAERO can be easily substituted for the CMARC executable used in the current implementation. The only effort required for such a substitution is that a routine for writing the input le and another for reading the output of the new analysis method need to be coded. It is well known that modern three-dimensional aerodynamic analysis codes are quite complex and have been developed and re ned after several thousand man hours of effort. Thus, by being able to "plug in" a ready-to-run executable for such an analysis code the signi cant time and effort that would have otherwise been spent in recoding and integrating the analysis code as a subroutine are saved.
Demonstration
The current design approach is demonstrated using three examples. It is emphasized that none of these examples are intended for any aircraft application; they were generated solely for the purpose of demonstrating the method. The rst example considers a nonplanar wing at one wing angle of attack ® w and demonstrates how the current method can be used to achieve a desired velocity distribution over a segment in a complex juncture region. The second example demonstrates the capability to achieve desired velocity distributions on a section of a highly swept wing at two different wing angles of attack ® w . The third example further illustrates the multipoint capability by using a joined-wing con guration and considering two different segments each on a different wing and at a different ® w . Figure 9 shows the geometry of the nonplanar wing used in the rst example. Also seen is the distribution of the panels used for this demonstration. It must be mentioned that the "dished" appearance of the wing geometry near the juncture is a visual illusion resulting from the variation in the spanwise coordinates of the panel corner points. As seen in Fig. 10 , airfoil A is used on the wing from the root to the 80%-semispan location. From this location the airfoils blend to airfoil B at the wing-winglet juncture. Airfoil C is used over the entire winglet. The juncture is formed by nding the contour of intersection of the wing tip and the winglet root sections. For the wing geometry used as the starting point for inverse design, airfoil B is taken to be identical to airfoil A. The wing is analyzed at an ® w of 0 deg. Figure 11 shows the inviscid velocity distributions for the wing sections at the root and at the juncture. In examining the upper-surface velocity distribution for the root section, it is seen that favorable velocity gradients exist to almost 0.7c. As expected, this velocity distribution for the root section is nearly identical to the velocity distribution for the airfoil A in isolation (not shown in the gure) at the section C l . Although the same airfoil is used at the juncture, the upper-surface velocity distribution is signi cantly different from that for the root section. This difference is a result of the effect of the winglet as well as the juncture. A constant velocity (zero gradient) is now prescribed for an upper-surface segment extending from 0.1c to 0.7c for the juncture section. The velocity distribution on the corresponding segment of airfoil B is varied to achieve this prescription. More speci cally, the design variables used for iteration are the spline supports that de ne the two-dimensional velocity distribution over the corresponding segment on airfoil B. Figure 12a compares the converged velocity distribution for the wing section at the juncture with the prescription for the segment along with the initial velocity distribution for the section. It can be seen that the method has successfully satis ed the desired velocity prescription over the segment except for small deviations at the beginning and the end of the segment. These deviations are a result of the panel endpoints not coinciding with the endpoints of the segments. By increasing the number of chordwise panels, these deviations can be reduced. The signi cant change in the geometry of airfoil B as a result of satisfying the velocity prescription can be seen in Fig. 12b . This solution took approximately 147 s of run time on a 666 MHz Pentium III computer. Of this time 145 s were spent in the seven CMARC runs required for the Newton iteration to converge.
For the second example a 45-deg swept-back wing of aspect ratio 3 is considered. Figure 13 shows the wing planform. The geometry for this wing is generated such that the airfoils are parallel to the root and tip sections. As shown in Fig. 13 , the design section near the middle of the wing half-span is perpendicular to the trailingedge generator line of the wing. This design section is used for prescription of the surface velocity distributions on the wing. For the surface velocity distribution only the component of the surface velocity along the section is considered; the "spanwise" component of the surface velocity perpendicular to the section is ignored. This approach has also been used in Ref. 23 and results in a velocity distribution that has a stagnation point; the location of this stagnation point corresponds to the location of the attachment line on the swept wing.
Two segments are considered on the upper surface of the design section. The leading-edge segment is located between the section leading edge and 0.1c. For this segment constant velocity is prescribed at ® w of 12 deg. The midchord section is located between 0.1c and 0.7c. For this segment the design prescription calls for constant velocity at ® w of 5 deg. Figure 14a shows the initial and converged velocity distributions for the design sections at the two angles of attack, along with the two design prescriptions. The initial and nal airfoil geometries are shown in Fig. 14b . It can be seen that the method successfully achieves the prescriptions in the velocity, demonstrating that the hybrid approach is applicable not only for highly swept wings, but also for design segments that are located close to the leading edge.
For the third example the joined-wing con guration shown in Fig. 15 is used. It must be mentioned that the front and the rear wings are not joined in the model used in this study. By making this simpli cation in the model, the dif culty associated with paneling the joint is avoided. Because the objective of this work is to demonstrate the design approach, modeling the joint is not essential for the demonstration. Figure 16 shows the planview of the wing with the airfoils labeled. Two velocity prescriptions are made on two different segments: 1) a linear drop in velocity by 0.2 is prescribed for the lower-surface segment extending from 0.1c to 0.5c of the rear-wing section at the tip, and 2) constant velocity is prescribed on the upper-surface segment extending from 0.1c to 0.7c of the front-wing section at the tip. The design condition for the rst prescription is an ® w of 0 deg, and the design variables for the Newton iteration are the spline supports that de ne the isolated-airfoil velocity distribution over the corresponding segment of airfoil D. For the second condition the design condition is an ® w of 5 deg with the design variables being the spline supports for the corresponding segment of airfoil B. It is emphasized that these prescriptions are to be satis ed simultaneously.
In solving design problems with multipoint prescriptions such as in the current example, it is often bene cial to perform the Newton iteration in stages. In the current example, for instance, the frontwing section is left unaltered in the rst stage, and the rear-wing section is designed to satisfy the velocity prescriptions. With this new shape for the rear-wing section, the Newton iterations for the front-wing section are performed in the second stage. In the nal stage the entire multipoint problem is solved by designing for the nal shapes for both the sections simultaneously. All of these stages in the iteration are performed automatically in IWING. Figure 17a compares the initial and converged velocity distributions for the segment on the rear-wing tip with the prescription for an ® w of 0 deg. It is seen that the method has been successful in satisfying the prescription even though the converged velocity distribution is signi cantly different from the initial distribution. Figure 17b shows the change in the shape of airfoil D as a result of satisfying the design prescription. The comparison of the initial and converged velocities for the segment on the upper surface of the front-wing tip with the design prescription at an ® w of 5 deg is shown in Fig. 18a . Again it is seen that the method has been successful in satisfying the prescription. The change in the geometry for this case is shown in Fig. 18b . This solution took about 91 s of run time on a 666 MHz Pentium III computer, of which about 89 s were spent on the 14 CMARC runs necessary for convergence. A total of 156 PROFOIL runs were made to compute the approximate sensitivities for this example. Had CMARC runs been used for this task instead of PROFOIL, it is likely that the run time for this example would have been increased by about 990 s or by about 11 times. This comparison illustrates the savings in time resulting from the approximate sensitivity computation scheme used in the current design method.
Conclusions
A hybrid approach that has proven successful in multielement inverse airfoil design has been extended to the inverse design of complex three-dimensional aerodynamic systems. More speci cally, the design method described in the paper allows the design of airfoils for wing cross sections that achieve desired velocity distributions over speci ed segments at the corresponding design wing angles of attack. The airfoils for the wing cross sections are designed in isolation using an isolated-airfoil inverse method. The wing is then analyzed at the speci ed angles of attack using a three-dimensional panel method. The variables associated with the design of the airfoils in isolation are adjusted using a multidimensional Newton iteration scheme to achieve the speci ed velocity distributions on the wing. The formulation allows for design speci cations on several segments of the wing, each at a different wing angle of attack, to be achieved simultaneously.
The paper shows that, as might be expected, there are similarities in changes in the velocity distributions for an airfoil in isolation and for the same airfoil when used as a part of a more complex aerodynamic system. Earlier work established this similarity for twodimensional multielement airfoils. The current work demonstrates that the similarity is present even for three-dimensional systems. The current design approach makes use of this similarity in computing the sensitivities rapidly using the isolated airfoil design method rather than through repeated panel-method computations. In contrast with earlier wing inverse design approaches, there is no need for the computation of a rst-order expansion to the panel-method equations. In addition, as the paper describes, this sensitivity computation scheme allows for easy integration of any analysis code in executable form for use in the current hybrid design approach.
Three examples are presented to demonstrate the design method. As shown in the paper, the method can handle design speci cations on highly swept wings and even in complex juncture regions, where the velocity distributions for a section can be signi cantly different from those for the corresponding airfoil in isolation. In other words, the method is capable of designing wing sections in regions where there are strong three-dimensional effects. This capability in combination with the multipoint design capability makes the method a valuable tool for an airfoil/wing designer. The present potential ow design method can be particularly useful for rapid, interactive design of candidate wing shapes prior to postdesign analyses using computationally intensive viscous codes.
